Abstract This study was conducted to evaluate dietary protein and carbohydrate requirement of juvenile Hawaiian limpets Cellana sandwincensis. A total of 64 juvenile limpets (3.12 ± 0.86 g) were fed five different dietary protein levels ranging from 270 to 470 g kg -1 for 90 days. Carbohydrate and lipid levels were held constant at 180 and 49.7 g kg -1 , respectively. Weight gain and growth rates of the animals did not differ significantly (P [ 0.05) among the protein levels ranging from 270 g kg -1 (0.30 % day -1 ) to 470 g kg -1
Introduction
The Hawaiian limpet Cellana sandwicensis or yellow opihi is an economically important species with high potential for aquaculture in Hawaii. However, there are no practical aquaculture techniques for this species. Our previous study developed a feed which would sustain life and support a good growth rate for opihi (Hua and Ako 2012) . We found that diet consisting of fishmeal, soybean meal, krill meal, and Porphyra was eaten at the highest rate and produced a good specific growth rate (0.44 % day -1 ). Protein is a base component for muscle growth and sufficient quantity must be supplied to promote growth. No previous studies have been done on the protein requirements of opihi. Abalone was considered as reference for opihi species because abalone is an herbivorous marine gastropod, so we are comfortable with a working hypothesis that opihi and abalone diets should have a degree of similarity. There have been many studies of dietary protein requirements for abalone. Various studies reported different dietary protein requirements for optimal growth of abalone species (Britz 1996; Gomez-Montes et al. 2003; Mai et al. 1995; Coote et al. 2000; Sales et al. 2003) . The differences in quantitative dietary protein level among different studies may have been due to the mismatch of the amino acid profiles of the diets with the amino acid profiles of the animal tissue.
Dietary carbohydrate could act as good energy sources for abalone H. kamtschatkana (Taylor 1997) , sparing the amount of protein needed. Providing an adequate amount of lipid or carbohydrate in the diet would minimize the use of expensive protein (National Research National (NRC) 1993). Many studies have used lipid as an energy source and the optimal dietary protein to lipid ratio levels have been studied in fish (Satpathy et al. 2003; Alam et al. 2003) , and abalone (Britz and Hecht 1997) . For limpets, studies have showed that amylase activity was very high in the digestive system of the patellacean limpets including Patella vulgate, Cellana radiata, and Collisella pelta (Branch 1981) . On the other hand, lipase activity has not been found in limpets, and studies have shown that lipases are very low in the digestive gland of abalone (Knauer et al. 1996; Fleming et al. 1996) . Thongrod et al. (2003) used modified starch and fish oil to determine the optimum ratio of carbohydrate versus lipid levels for the growth of tropical abalone H. asinia. They found that the growth performance of abalone was relatively good when they were fed a diet containing a higher proportion of carbohydrate, up to 470 g kg -1 , whereas higher lipid levels ([58.0 g kg -1 ) did not help abalone growth. The literature suggests that there is certainty in where abalones obtain their energy from. Study by Brizt confirmed that adjusting lipids did not affect growth rate. Carbohydrates are inexpensive and could minimize the cost of opihi feed. Thus, carbohydrate was considered as the second nutrient after dietary protein to be worth pursuing for opihi.
In the present study, the growth performance of opihi was examined using a practical diet at varying protein and carbohydrate levels using the best performance diet including of fishmeal, soy meal, krill meal, and Porphyra.
Materials and methods

Experimental diets
Formulations of dietary protein and carbohydrate levels are shown in Table 1 . Two protein feeding trials were conducted. For the preliminary protein trial, five different dietary protein levels of 270, 320, 370, 420, and 470 g kg -1 were tested for 90 days. A package of protein ingredients of fish meal, defatted soybean, and krill meal, including Porphyra was used as a base diet because these ingredients were found to have the best performance in both palatability and supporting good growth of opihi (Hua and Ako 2012) . Wheat flour was used as starch and diatomacetous earth was used as filler in the diets as protein weight was decreased. Based on the results of this trial and due to unexpected issue of low survival rate due to removal for weighing, the second protein feeding trial was repeated with four different formulated dietary protein levels consisting of 210, 300, 350, and 500 g kg -1 . For carbohydrate trial, a constant protein level of 270 g kg -1 protein with low lipid level of 35.0 g kg
was employed. Four different dietary carbohydrate levels of 180, 270, 320, and 370 g kg -1 were formulated and tested for 90 days. Wheat flour was used as carbohydrate source and diatomacetous earth was used to fill out in the diets as the carbohydrate level was decreased. Protocols for diet preparation in this study were done as described in the previous study (Hua and Ako 2012) .
Experimental animals
Animals (3.12 ± 0.86 g) used for this study were collected from remote shoreline areas in Oahu Island, Hawaii, USA. After collection, the animals were immediately transferred to the laboratory and placed in aquaria with plastic liners, with algae seeded with benthic diatoms from Hawaii Institute of Marine Biology. An aquarium biofilter system (586 L h -1 ) was used to simulate water movement. They were held for about 3 days of acclimation. Thereafter, nine opihi were selected for each experimental group and their initial (2000) for protein trial 1 only, two replicates were done for each diet; other diets were calculated as dry matter basic weight and shell length were measured. For the preliminary trial, each individual was placed into its own plastic colander (20 cm diameter). The colanders were put in tubs, nine colanders per tub. Animals that died in the first 3 days after placement into the test system were replaced. We observed a few more mortalities due to removing the animals from the colanders for weighing. Therefore, softer containers made of soft screen polyethylene plastic, cone shaped, 13 cm diameter, 17 cm height, were used in the second protein trial (Fig. 1) . The experiment was done in recirculating system at a flow rate of 3 L min -1 . Water temperature ranged from 24 to 26°C and salinity was maintained at 35 mg L -1 . Feeding regime and feeding evaluation were as in our previous description (Hua and Ako 2012) . The animals were fed one time per day at feeding rate about 0.73 ± 0.53 %, at 18:00 daily, as animals did not eat during the day. It was noticed that the animals normally did not eat well for the first few days after putting them into the test system, therefore feeding rate of animals for 3 days after stocking and 3 days after replacement were not counted in our calculations. With this taken into consideration, as animals were conditioned to the artificial feed used in the feed trials, the following data were calculated:
Feed consumption % dry matter=soft body weight=day ð Þ for individual
Protein intake ¼ total feed intake g/individual ð ÞÂ g protein/g dry feed ð Þ
Sampling and analytical methods
The growth of animals in weight (g) and shell length (cm) was measured monthly. The growth was expressed in terms of specific growth rate (SGR), weight gain, and shell length increase. The shell length was measured with an electronic digital caliper (0.01 mm) and weight determined with an electronic scale (0.01 g error) every 4 weeks
where Wf is final weight, Wi is initial weight, and T is total day of the experiment.
Feed conversion ratio FCR ð Þ ¼ total feed eaten g ð Þ=wet weight gain g ð Þ: All diets of protein trial 1 were subjected to proximate analysis (AOAC 2000) at the Aquatic Feed and Nutrition Laboratory, Oceanic Institute, Hawaii, USA. Two replicates were done for each diet. Because of our hypothesis that previous studies had showed wide spreads in optimal protein levels due to inappropriate amino acid balance for abalone; the amino acid profiles of opihi tissue were determined to have an optimal balance in our trials. The amino acid profiles of opihi tissue and of the dietary protein in trial 1 were determined by Dr. Ju at the Aquatic Feed and Nutrition Laboratory, Oceanic Institute, Hawaii, USA, according to the described method of Ju et al. (2008) . The results are presented as A/E ratio ( Table 2) . Most of the essential amino acids of diets were identical and/or close to the amino acid profile of opihi tissue except for Arg and Thr which were lower in the experimental diets compared to tissue.
Solid leaching of diets
Weight matter leaching was examined for the second dietary protein trial. The experiment was conducted in an experimental test system. Three pieces of each feed (1.0 cm 2 /piece) served as for replication, three replications per diet. They were weighed to obtain the initial weights of the three replications, then placed in an empty colander without opihi for 12 h. Stability of feed was assessed according to the equation: Water absorbed (%) = {(FW-IW)/IW} 9 100. Where IW is initial weight of feed, and FW is the final weight of feed of the same diet after being immersed in water. The retained feed was rinsed with fresh water and transferred to a drying oven for 12 h at 100°C to obtain dry weight. To obtain the initial dry weight of each diet, three other pieces of each diet were weighed and dried in the oven, this dry weight served as initial dried weight control. This data were used to determine leaching losses due to soaking.
Data analysis
Collected data were subjected to one-way ANOVA, followed by Tukey test to compare the weight gain (g), specific growth rate (% body weight/day), feed consumption rate (% dry matter/body weight/day), and feed conversion ratio (dry feed eaten/weight gain) using SPSS (version 11.5; SPSS Inc., Chicago. IL, USA). The data on weight gain (%) were subjected to the quadratic regression analysis model (Mai et al. 1995; Sales et al. 2003) and the optimal protein requirement of opihi was estimated. 
Results
Survival
A low survival rate in the first protein trial could affect the strength of results. Mortality (25-50 %) was due in part to handling during weighing when the animals were removed from the colander, and was not affected by dietary protein. They died after weighing, we assume, due to physical injury and/or stress. A higher survival rate was obtained in the second protein trial using the softer containers, ranging from 89 to 100 %.
Growth
Growth performance of opihi fed with different dietary protein levels is shown in Table 3 . For the first protein trial, statistical analysis by One-way ANOVA followed by Tukey-Kramer showed that there was no significant (P [ 0.05) effect of various protein levels (270-470 g kg -1 ) on the weight gain and the specific growth rates of animals, although this dropped off insignificantly at higher protein levels from 420 to 470 g kg -1 . There was a significant (P \ 0.05) difference in weight gain and specific growth rates of animals in the second dietary protein trial over 60 days; possibly due to better methods and more practice. Weight gaintracked specific growth rates were progressively increased to maximum at 350 g kg -1 protein diet, and significantly higher than those animals fed with 500 g kg -1 , but did not differ significantly compared to the 210 and 300 g kg -1 diets. The growth response of opihi in terms of weight gain (%) of animals in dietary protein trial 2 was fitted into quadratic models (Fig. 2) . The best fit for the estimation of optimal protein level could be described as Y = -0.0003x 2 ? 0.234x-21.8 (R 2 = 0.96). The trend of growth showed that maximum weight gain appeared to be about 350 g kg -1 dietary protein. There was a significant difference in feed consumption of animals. Feed consumption for animals that were fed with 500 g kg -1 dietary protein was significantly lower (P \ 0.05) than those animals that were fed with dietary protein of 210, 300, and 350 g kg -1 in the second protein trial. The highest feed efficiency ratio tracked the weight gain of those animals that were fed with the 350 g kg -1 dietary protein and was significantly higher than 500 g kg -1 diet. The percentage of solids remaining among the diets was 98.0 ± 1.13, 96.8 ± 1.39, 97.8 ± 1.170, and 98.5 ± 0.32 % for 210, 300, 350, and 500 g kg -1 of dietary protein, respectively. Statistical analysis for solid leaching rates showed that there was no significant difference (P [ 0.05) in percentage of remaining dry weight between the dietary protein levels in trial 2. Growth performances of opihi that were fed at various carbohydrate levels are shown in Table 4 . Statistical analysis by One-way ANOVA showed that there was a significant (P \ 0.05) difference in weight gain and the specific growth rates of opihi among the diets, then a Tukey test showed that the weight gain of animals on the 180 and 370 g kg -1 diets was significantly (P \ 0.05) lower than animals fed 270 and 320 g kg -1
carbohydrate. However, there was no significant difference in specific growth rate of those animals that were fed with diets between the 180 and 270 and 320 g kg -1 carbohydrate diets. The mean FCR values show that opihi are efficient converters of feed to body weight. Survival was about 90-100 % for all diets after 2 months, however, the survival rates were 67-78 % after 3 months. The mortality was due handling stress from the second weighing, when we removed them from the colander walls.
Response of opihi in weight gain to dietary carbohydrate levels was then fitted to quadratic models (Fig. 3) . It shows that the weight gains of opihi progressively increased and reached their maximum value at a carbohydrate level of about 270 g kg -1 , which could probably be described as Y = -0.0012x 2 ? 0.64x-56.7 with the correlation value of R 2 = 0.91. Statistical analysis for solid leach rates showed that there was no significant difference (P [ 0.05) in percentage of remaining dry weight between the two carbohydrate diets. There was about 95.2 ± 1.90 and 98.3 ± 0.20 % remaining dry matter for the dietary carbohydrate levels of 180 and 320 g kg -1 , respectively, after they were immersed for 12 h. The results suggest that dry matter loss was not a major issue among the different carbohydrate levels. Table 4 The growth performance of opihi fed various dietary carbohydrate levels for 90 days, specific growth rate (SGR), feed consumption rate (% DM/BW/day) Dietary carbohydrate (g kg 
Discussion
Determination of optimum dietary protein level which produced the maximum growth of opihi was our first goal in this nutritional study. Our previous study showed that a diet containing fishmeal, soymeal with krill meal, and Porphyra was preferentially consumed and sustained opihi life well (Hua and Ako 2012) . This diet was then used as a base diet in the present study and the results support that these dietary protein ingredients would be a practical-formulated feed for the aquaculture of opihi. The high mortality rate in our first trial raised questions about the statistical strength of our findings about the optimum protein requirement for opihi in that trial. At this stage, it is believed that all the handling and nutritional variables must be taken care of and there should have been only a few mortalities. However, in these longer term experiments 25-50 % total mortalities occurring after animals were removed from the colanders for weighing. Another kind of soft container (Fig. 1 ) was designed to overcome the colander problems. Animals were removed easily for weighing during the course of experiment by deforming the soft plastic screen. This method improved survival rates significantly to 89-100 %, improving the statistical strength of the results of our second trial.
The results of this study showed that the growth of opihi did not correlate to increased dietary protein levels. Statistical analysis by One-way ANOVA showed that there was no significant (P [ 0.05) difference in weight gain and SGR of opihi among the diets from 270 to 470 g kg -1 protein. As stated above, no statistically significant difference in growth rates among the diets may be due to a low survival of animals. Therefore, it is premature to draw any conclusion from the Trial 1 and the data may be use as a preliminary for following trial. Better and significant data were obtained in Trial 2 (Table 3 ; Fig. 2 ). The highest weight gain was achieved with the 350 g kg -1 protein diet, but there was no significant difference in weight gain with those animals fed with 210 and 300 g kg -1 diets. This indicated that opihi could satisfy their needs with a low protein level above 210 g kg -1
. The trend of the growth rate suggests that when the protein level is too high it may be detrimental to growth. In fact, the results from the 500 g kg -1 protein group in the second trial showed poor growth, significantly lower than the other diets, indicating that excess protein is not easily metabolized by opihi.
The second-order polynomial regression model is a way graphical model which allows us to choose an optimal protein level among statistically insignificant differences. In our present study, the 350 g kg -1 is the choice by polynomial analysis although it is not statically different from 210 and 300 g kg -1 diets (Fig. 2) . The pattern of protein requirement for opihi in our study was similar to other studies for abalone species. Mai et al. (1995) also found that the optimal protein level for maximum growth of abalone H. discus hannai was about 356 g kg -1 dietary protein level, while statistical analysis revealed there was no significant difference in weight gain of abalone that were fed dietary protein from 202 to 353 g kg -1 and about 323 g kg -1 for H. tuberculata (within 202-400 g kg -1 ). Another study by Sales et al. (2003) stated that the 360 g kg -1 protein produced the best growth; however, no statically significant difference occurred between protein levels ranging from 290 to 480 g kg -1 . The specific growth rate of opihi ranged from 0.13 to 0.28 % BW/day for dietary protein trial 2. These growth rates are close to the growth rate (approximately 0.2-0.4 % BW/day) for abalone H. discus hannai found by Uki et al. (1985) , but lower compared to the growth rate (0.94-1.11 % BW/day) of H. midae reported by Britz (1996) . However, may not be valid to compare these values directly between opihi and abalone or even among the abalone species because the apparent requirement may vary due to many different conditions such as difference in diets, experimental species, digestible protein, feed intake, and the management of feeding regimes.
Feed consumption rate seemed to be responsible for growth rate. We have earlier found that feed consumption was correlated with the growth response of opihi (Hua and Ako 2012) . Matching the amino acid profile of diets and animal tissue is an important issue, it was believed that it is not sufficient to support optimum growth, because the growth of animals involves many factors including feed intake. In the present study, feed intake tended to be positively related to the growth rate of opihi. The lower feed consumption of animals that were fed 500 g kg -1 corresponded to the decrease in the weight gain of animals. Overall, the feed consumption rates were low as compared to our previous study. On the other hand, a lower feed consumption rate in the second trial may be due to a lower carbohydrate level.
The results of our present study demonstrated that various carbohydrate levels in the diet affected growth performances of opihi. Statistical analysis showed that there was a significant (P \ 0.05) difference in both weight gain and SGR of opihi between the diets (Table 4 ). There was no significant difference between the weight gain of animal that fed with 270 and 320 g kg -1 diets which indicates that the opihi could satisfy their need for carbohydrate with either of the two diets. Polynomial analysis suggests that 270 g kg -1 carbohydrate diet would be an optimal level. On the other hand, the cost of feed would probably be higher at the lower carbohydrate levels. Carbohydrate is an inexpensive ingredient. It is noted that non-nutrient ingredients being used as a filter in diet are more expensive than carbohydrate sources. Therefore, the 320 g kg -1 carbohydrate could be used as a final level for commercial opihi feed.
A lower carbohydrate level (180 g kg -1 ) may not be sufficient for adequate energy utilization by opihi and part of the energy needed may be catabolized from protein, therefore it may reduce the optimal use of dietary protein for somatic growth. Livingstone and de Zwaan (1983) reported that when insufficient supply of carbohydrate in diet, the animal can be readily synthesized via the catabolism of proteins and lipids. It is unclear why a significantly lower growth rate was seen in animals fed 370 g kg -1 carbohydrate. For abalone, literatures have suggested that the abalone would be able to utilize various carbohydrate sources, for example; dextrin (Uki and Watanabe 1989) , mixtures of dextrin, wheat flour, sucrose and potato starch (Lee et al. 1998) , modified starch (Thongrod et al. 2003) , and wheat flour and alginate (Cho et al. 2008; Cho 2010) , but provide no quantitative comparisons. It is probably due to high amylase contents in the digestive tract system of abalone (Fleming et al. 1996 and Knauer et al. 1996) . Similarly, amylases activity was high in limpet species (Branch 1981) . On the other hand, Britz and Hecht (1997) found that increasing the lipid levels of abalone feed decreased the growth rate of abalone. This result indicates a more efficient use of carbohydrates as compared to lipids as an energy source by abalone. This makes sense because abalones mostly eat seaweed and amylase activity is high in abalone (Fleming et al. 1996) . Thus, the 320 g kg -1 carbohydrate diet would be an optimal level for good growth of opihi in our present study.
In conclusion, this is the first reported study on macronutrient requirements for growth of opihi using an practical artificial diet. The protein level of 350 and 320 g kg -1 carbohydrate could be used for generating a commercial feed for opihi if there are no other factors of concern rather than the feed cost.
